The mammalian inner ear detects sound with the organ of Corti, an intricately patterned region of the cochlea in which one row of inner hair cells and three rows of outer hair cells are surrounded by specialized supporting cells. The organ of Corti derives from a prosensory domain that runs the length of the cochlear duct and is bounded by two non-sensory domains, Kölliker's organ on the neural side, and the outer sulcus on the abneural side. Although much progress has been made in identifying the signals regulating organ of Corti induction and differentiation, less is known about the mechanisms that establish sensory and non-sensory territories in the cochlear duct. Here, we show that a gradient of bone morphogenetic protein (BMP) signaling is established in the abneural-neural axis of the cochlea. Analysis of compound mutants of Alk3/6 type I BMP receptors shows that BMP signaling is necessary for specification of the prosensory domain destined to form the organ of Corti. Reduction of BMP signaling in Alk3/6 compound mutants eliminates both the future outer sulcus and the prosensory domain, with all cells expressing markers of Kölliker's organ. BMP4 up-regulates markers of the future outer sulcus and downregulates marker genes of Kölliker's organ in cochlear organ cultures in a dose-dependent manner. Our results suggest BMP signaling is required for patterning sensory and non-sensory tissue in the mammalian cochlea.
INTRODUCTION
The mammalian cochlea has recently emerged as an excellent system to study pattern formation during development. The cochlea develops as a ventral outgrowth of the inner ear primordium and is initially patterned into several molecularly distinct domains. The central, prosensory domain is destined to give rise to the organ of Corti, the auditory organ of the inner ear that contains sensory hair cells and different types of supporting cells (Kelley, 2006 (Kelley, , 2007 . The prosensory domain is bounded by two non-sensory domains. The domain closest to the auditory ganglion -the neural side -is termed Kölliker's organ and will develop into the inner sulcus, while the domain on the opposite, abneural side of the prosensory domain will develop into the outer sulcus (Fig. 1H) .
Although the signals that specify particular hair cell and supporting cell types within the organ of Corti and define their precise planar orientation are beginning to be defined (Kelley, 2007; Kelly and Chen, 2007) , the earlier signals that establish the early developmental domains of the cochlea are poorly understood. The Notch pathway has been proposed to specify the prosensory domain of the cochlea as a result of signaling by the Notch ligand Jagged1 (Brooker et al., 2006; Kiernan et al., 2006) . However, we have recently shown that the prosensory domain is still induced and differentiates into hair cells and supporting cells in RBPJk conditional mutant mice that lack all canonical Notch signaling in the inner ear (Doetzlhofer et al., 2009) , suggesting that other signals must be responsible for induction of the prosensory domain.
Bone morphogenetic proteins (BMPs) are good candidates for regulating development of sensory tissue in the cochlea. Bmp4 is expressed in all developing sensory organs in the chick ear (Wu and Oh, 1996) , and in the developing cristae of the mouse (Morsli et al., 1998) . Moreover, Bmp4 is expressed adjacent to the developing prosensory domain of the cochlea in cells destined to become Hensen's and Claudius' cells of the outer sulcus (Morsli et al., 1998) . Blockade of BMP signaling with the secreted BMP antagonist Noggin disrupts the formation of ear sensory tissue in chick embryos (Chang et al., 1999; Gerlach et al., 2000) . BMP signaling also modulates the production of hair cells in cultured chick otocysts (Li et al., 2005; Pujades et al., 2006) and in organ of Corti explants (Puligilla et al., 2007) .
Since Bmp4 is expressed in the cochlear duct from its earliest stages, we speculated that BMP signaling plays an early role in specifying the sensory and non-sensory regions of the cochlea. We tested the role of BMP signaling in cochlear development by analyzing compound mouse mutants for the Alk3 and Alk6 type I BMP receptors. We show that BMP signaling is necessary for the development of the outer sulcus and the prosensory domain. We also show that BMP4 suppresses markers of Kölliker's organ while promoting markers of the outer sulcus. We propose that establishing a gradient of BMP signaling is an important step in patterning the cochlea across its abneural-neural axis.
MATERIALS AND METHODS

Mice
The following lines of mice were used in this study: Pax2-Cre (Ohyama and Groves, 2004) ; Alk3-null and Alk3-floxed (Mishina et al., 2002) , Alk6-null (Yi et al., 2000) . To generate Alk3-CKO; Alk6 +/− , Pax2-Cre mice are crossed with Alk3 null/+ and Alk6 null/+ mice to generate Pax2-Cre +/− ; Alk3 null/+ ; Alk6 null/+ animals. Alk3 floxed/floxed mice were crossed with Alk6 +/− mice, then intercrossed to generate Alk3 floxed/floxed ; Alk6 +/− animals. These mice were crossed to generate Alk3-CKO; Alk6 +/− . The genetic background of these mice is a mixture of CD1 and C57BL6. All mouse experiments were approved by the House Ear Institute IACUC committee.
BrdU incorporation assays
To analyze cell proliferation in the embryonic cochlea, pregnant mice were injected with BrdU on day 13 post coitum following the procedure described in Lee et al., (2006) . BrdU (10 mg/ml) was prepared in PBS and injected intraperitoneally three times with two-hour intervals at 50 μg/g body weight. Pregnant mice were euthanized two hours after the last injection, and the embryos were isolated and fixed by immersion in 4% paraformaldehyde overnight.
In situ hybridization and Immunohistochemistry E12.5 to E15.5 heads were fixed in 4% paraformaldehyde in PBS overnight at 4°C, sunk in 30% sucrose in PBS at 4°C, incubated in Tissue-Tek O.C.T. compound (Sakura Finetek) at room temperature for 10 minutes, and frozen on dry ice. 14-μm thick sections were cut using a Leica 3050 S cryostat. Digoxigenin-labeled antisense ribroprobes were synthesized using standard protocols (Stern, 1998) . The following probes were used: Bmp4 (Open Biosystems, Clone Id: 4192158), Fgf10 (Suzanne Mansour), Lfng (Thomas Vogt), Id2 (Matthew Kelley), Sox2 (Robin Lovell-Badge), Bmp7 (Brigid Hogan) and Bmp5 (David Kingsley), Alk3 and Alk6 (Carl Heldin). The in situ hybridization procedure was modified from a protocol by Domingos Henrique (Henrique et al., 1995) . Detailed protocols are available on request. Antibodies used in this study were anti-BrdU (Fitzgerald), anti-JAG1 (Santa Cruz), anti-MYO6 (Proteus), anti-P27 KIP1 (NeoMarker), anti-active CASPASE3 (R&D systems), antiphospho-SMAD1/5/8 (Cell Signaling) and anti-SOX2 (Chemicon). Fluorescently labeled secondary antibodies were from Invitrogen. For anti-P27 KIP1 , JAG1 and SOX2 staining, sections were boiled for 10 minutes in 10mM citric acid pH 6.0. For anti-BrdU staining, cultures were hydrolyzed in 2N HCl for 10 minutes. Cell nuclei were fluorescently labeled using DAPI (Molecular Probes).
Paint-filling of mouse embryo ears
E13.5 embryos were fixed in Bodian's solution. Embryos were cut sagitally and the brains were removed to expose the inner ears. The mouse heads were dehydrated by 100% ethanol and cleared in methyl salicylate. A 1% solution of high gloss white enamel paint in methyl salicylate was injected into the inner ear duct through a pulled glass capillary needle (Sutter instruments) with a Picospritzer II pressure injector (General Valve Corporation).
Organotypic cochlear culture and RT-PCR
Inner ear capsules of stage E11.5 embryos were collected in PBS (Invitrogen). To free the cochlear duct from surrounding condensed mesenchyme, tissue was incubated in calciummagnesium free PBS (Invitrogen) containing dispase (1mg/ml; Invitrogen) and collagenase (1mg/ml; Worthington) as previously described (Doetzlhofer et al., 2004) . To avoid contamination of the vestibular sensory organs, only the apical to mid turn region of the cochlea was isolated with 30G 1/2 needles. Isolated cochlear explants (four per well) were cultured on SPI black membranes (SPI supplies) in DMEM-F12 (Invitrogen) with N2 supplement (Invitrogen) and 5 ng/ml EGF (R&D Systems). Cultures were maintained in a 5% CO 2 /20% O 2 humidified incubator (Forma Scientific). BMP4 (R&D Systems) was stored as a 10 mM stock in 4 mM HCl, 0.1% BSA at −80oC. For RNA extraction, total RNA from four explants was isolated using a QIAGEN RNeasy Micro kit with QIAshredder. cDNA was synthesized using iScript (Bio Rad). QPCR was performed with a PerfeCTA SYBR Green FastMix (Quanta) and gene-specific primer sets on a 7500 Real time PCR Detection System (Applied Biosystems). Relative gene expression was analyzed using the ΔΔCT method (Livak and Schmittgen, 2001) . Primer sets are listed in Supplementary Table S1 .
RESULTS
The developing cochlear duct is progressively patterned into three distinct domains
The mouse cochlea starts to develop as a ventral extension of the otocyst between 10 and 11 days of development (Morsli et al., 1998) . The thickened region of cochlear duct initially expresses the transcription factor Sox2 and the Notch ligand Jagged 1 (Jag1) at embryonic day (E) 11.5 (Fig. 1A,B) . Bmp4 starts to be expressed asymmetrically in the abneural side of the cochlea from E 11.5 (Fig. 1E arrow) (Morsli et al., 1998 ). The cochlear duct shows additional evidence of asymmetry from the earliest point of its outgrowth -for example, Fgf10 and Lfng are expressed in the neural side of the cochlear duct from E11.5 onwards, marking the future Kölliker's organ (Fig. 1C,D) . After the onset of Bmp4 expression, the SOX2 + , JAG1 + cochlear duct becomes regionalized into three molecularly distinct compartments. From E12.5 onwards, cells in the cochlea destined to form the organ of Corti express the cell cycle inhibitor p27 kip1 and exit the cell cycle, forming a region termed the prosensory domain (Chen and Segil, 1999; Lee et al., 2006) . By E13.5, Sox2, which is necessary for the differentiation of sensory cells in the inner ear (Kiernan et al., 2005; Dabdoub et al., 2008) becomes restricted to the prosensory domain and part of Kölliker's organ destined to give rise to the inner sulcus of the cochlea (Fig. 1A) , while JAG1 is progressively restricted to Kölliker's organ (Fig. 1B) . The expression of Bmp4 in the abneural side of the sensory precursor domain progressively expands from E11.5 onwards, marking the future outer sulcus characterized by a significantly thinner epithelium ( Fig. 1E ) that will include Hensen's and Claudius' cells (Morsli et al., 1998) . Of the other BMP family members we tested (Bmp2, 5, 6 and 7), Bmp7 is expressed ubiquitously at low levels in the cochlear epithelium at this stage, while expression of Bmp2,5 and 6 could not be detected. (Fig. S1 ; Kiernan et al., 2005; Dabdoub et al., 2008) .
We used antibodies to phosphorylated SMAD1/5/8 proteins to visualize BMP signaling in the cochlea. These SMAD proteins are phosphorylated by the serine-threonine kinase activities of Bmpr-Ia and Ib receptors and mediate transcriptional regulation of the BMP target genes by interacting with Smad4 (Kishigami and Mishina, 2005; Sieber et al., 2009 ). At E11.5, phospho-SMAD1/5/8 is detected at low levels throughout the cochlear epithelium ( Fig. 1F left) . As the cochlea elongates, we observed the highest level of phospho-SMAD1/5/8 in the Bmp4 + future outer sulcus, a reduced level of SMAD phosphorylation in the prosensory domain and the lowest levels in Kölliker's organ ( Fig. 1F right, Fig. S2 ). Expression of a known BMP target gene, Id2 (Hollnagel et al., 1999) appears to correlate well with phospho-SMAD levels in the cochlea at E13.5 (Fig. 1F,G right) . These results suggest a gradient of BMP signaling across the abneural -neural axis of the cochlear duct is progressively established during cochlear outgrowth.
BMP signaling is necessary for prosensory specification in the mouse cochlea
To test the consequences of perturbing the BMP signaling gradient in the cochlea, we disrupted two BMP type I receptors, Alk3 (Bmpr-Ia) and Alk6 (Bmpr-Ib) in mice. Alk3 and Alk6 are expressed ubiquitously at low levels in the cochlear epithelium during prosensory specification (Fig. S1 ). Since Alk3 plays a crucial early role in the induction of mesoderm (Mishina et al., 1995) , we conditionally inactivated Alk3 in the inner ear with Pax2-Cre mice (Mishina et al., 2002; Ohyama and Groves, 2004) to avoid premature lethality. Alk6 is not required for embryonic development and we therefore used mice carrying an Alk6 null allele for our experiments (Yi et al., 2000) .
Inner ear-specific Alk3/Alk6 double mutant mice show no obvious cochlear structures by E12.5. Other structures such as the semi-circular canals and vestibular sensory epithelium are missing or significantly reduced, suggesting that BMP signaling is necessary for early development and survival of otic epithelium (data not shown). However, loss of Alk3, together with a single copy of the Alk6 gene (Yi et al., 2000) reduced phospho-SMAD1/5/8 staining to barely detectable levels in the E13.5 cochlea ( Fig. 2A, Fig. S2 ). Expression of the BMP-responsive gene Id2 (Hollnagel et al., 1999 ) is also abolished (Fig. 2B ). In the Alk3-CKO; Alk6 +/− compound mutant cochlea, we saw no evidence for differentiation of the prosensory domain which is normally marked by expression of p27 KIP1 (Fig. 2C) . BrdU labeling of the E13 compound mutants showed that cells continued to proliferate throughout the cochlear duct, consistent with a lack of p27 KIP1 expression in the prosensory region (Fig.  2D) . The transcription factor Hey2, which is expressed strongly in the prosensory domain (Doetzlhofer et al., 2009) , is significantly reduced in the compound mutant (Fig. 2E) . In compound mutant embryos, the majority of cochlear epithelium expressed markers of Kölliker's organ (Fgf10, Jag1 and Lfng Fig. 3A-C) , whereas markers of the future outer sulcus (Bmp4) were entirely absent (Fig. 3D, E) . As a result of greatly reduced BMP signaling in Alk3; Alk6 +/− compound mutants, most cochlear duct cells undergo apoptosis around E15.5 (Fig. 3F) . We observed no evidence of hair cell differentiation in compound mutants on the basis of MyoVI staining (data not shown) although SOX2 is expressed in most cochlear duct cells in compound mutants at low levels similar to the levels in wild type Kölliker's organ (Fig. 3G) . These results suggest that BMP signaling is necessary for the induction and survival of the prosensory domain that gives rise to the organ of Corti.
BMP4 suppresses markers of Kölliker's organ and promotes prosensory and outer sulcus fates in a dose-dependent manner
Since Alk3-CKO; Alk6 +/− compound mutants show barely detectable levels of BMP signaling in the cochlea and express markers of Kölliker's organ throughout the cochlear duct, it is not clear whether Kölliker's organ is induced by low levels of BMP signaling or actively repressed by high or moderate BMP levels. To test this, we cultured fragments of the cochlear duct from E11.5 mouse embryos in a defined medium containing different doses of BMP4 and measured RNA levels of different cochlear genes by RT-PCR after 2 days. BMP4 down-regulated expression of Kölliker's organ markers (Jag1, Fgf10, and Lfng) in cochlear cultures in a dose-dependent fashion (Fig. 4A) . Addition of BMP4 to cochlear organ cultures also up-regulated levels of known BMP target genes such as Id2 (Hollnagel et al., 1999) , Lmx1a (Chizhikov and Millen, 2004) and Lmo4 (de la Calle-Mustienes et al., 2003; Chang et al., 2008) in a dose-dependent fashion (Fig. 4C,Fig. S3 ). Ectopic expression of Id genes has been shown to inhibit hair cell differentiation (Jones et al., 2006) . Since Id genes have been shown to negatively regulate transcription factors including bHLH and Ets family members (Ruzinova and Benezra, 2003) , BMP signals may act to inhibit Kölliker's organ and prosensory domain differentiation in the future outer sulcus through regulation of the Id2 transcriptional repressor. Markers of the future outer sulcus such as Cv2 and Frzb (Qian et al., 2007) which are expressed between E14.5 to E15.5 (Fig. S3 ) are up-regulated in four day cultures in the presence of BMP4 in a dose-dependent fashion (Fig. 4D) , suggesting that BMP4 promotes outer sulcus differentiation. We also tested whether BMP4 affects production of sensory hair cells by using Math1-GFP transgenic mice in which differentiating Math1 + sensory hair cells are marked by GFP (Lumpkin et al., 2003) . Culture of Math1-GFP cochlear explants with BMP4 for four days revealed that the number of hair cells increased compared to controls at intermediate levels of BMP4 (10ng/ml) but decreased with high levels of BMP4 (50ng/ml; Fig. 4E ).
Reduction in BMP signaling causes mild defects of vestibular morphology
BMP signaling has been suggested to play a role in the formation of the cristae and semicircular canals (Chang et al., 2002; Blauwkamp et al., 2007; Omata et al., 2007; Chang et al., 2008; Hammond et al., 2009; Vervoort et al., 2010) . To determine the effects of Alk3 and Alk6 deletion on inner ear morphogenesis, we used paint-filling to analyze the morphology of Alk3-CKO and Alk3-CKO; Alk6 +/− mutants at E13.5. Alk3-CKO mutants and Alk3 +/− ; Alk6 −/− mutants showed no obvious morphological defects in the vestibular system, but displayed a partially shortened cochlear duct (data not shown). Alk3-CKO; Alk6 +/− mutants had partially truncated and narrowed semicircular canals (Fig. 5B, arrowheads) and an even more severely truncated cochlear duct (Fig. 5B asterisk) . Although Bmp4 is expressed in vestibular sensory patches ( Fig. 5A ; Morsli et al., 1998) , vestibular sensory structures seem to develop normally in Alk3-CKO; Alk6 +/− mutants at E15.5 (Fig. 5C ).
DISCUSSION
The mammalian cochlea is one of the most intricately patterned tissues in any vertebrate. However, it is still largely unknown which signals confer positional identity and polarity on the different regions of the cochlea. Our current data suggests that BMP signaling is necessary for the induction of the prosensory domain that gives rise to the organ of Corti. However, this induction of the prosensory domain is only one manifestation of BMP signaling that also appears to specify the non-sensory regions on either side of the organ of Corti in a concentration-dependent fashion.
A number of genes have been implicated in the development of the cochlear prosensory domain. The transcription factor Sox2 is expressed in all developing prosensory regions of the ear and is necessary for their formation (Kiernan et al., 2005) . Recent work suggests that Notch signaling is sufficient to induce ectopic vestibular sensory tissue but that Wnt signals, rather than Notch signals, may initiate this process in the early otocyst (Daudet and Lewis, 2005; Daudet et al., 2007; Jayasena et al., 2008) . Notch signaling can also induce Sox2 expression in non-sensory regions of the cochlea (Dabdoub et al., 2008) . Based on results from Jagged1 conditional mutant mice, Notch signaling has been suggested to induce the prosensory domain in the mammalian cochlea (Brooker et al., 2006; Kiernan et al., 2006) . However, we have recently shown that the prosensory domain and later hair cells and supporting cells are induced normally in conditional mutants of RBPJμ, the transcriptional co-effector of canonical Notch signaling (Doetzlhofer et al., 2009) . Taken together with our present results, we now propose that canonical Notch signaling serves to regulate hair cell and supporting differentiation through lateral inhibition (Kelley, 2006) , but that BMP signaling is a more likely candidate to induce the prosensory domain of the cochlea.
BMP signaling is necessary for sensory patterning of the mammalian cochlea
BMPs are indispensable for a variety of cell fate decisions, such as those between neural and non-neural ectoderm, and for development of germ cells, lens, limb, and kidney (Dudley et al., 1995; Godin et al., 1999; Lawson et al., 1999; Nakayama et al., 2000; Liu and Niswander, 2005) . A Drosophila homologue of Bmp2 and 4, decapentaplegic (dpp), can act as a morphogen that patterns the wing imaginal disc and the dorso-ventral axis of the early embryo, where different levels of BMP signaling can specify neurogenic, ectodermal or amnioserosa fates (O'Connor et al., 2006; Affolter and Basler, 2007) . A variety of mechanisms including positive feedback, degradation and modulation of ligand diffusion and modulation by ligand binding proteins have been proposed to contribute to the formation of distinct cell fates by signaling gradients (Mizutani et al., 2005; Wang and Ferguson, 2005; Lander, 2007; Serpe et al., 2008) . Moreover, both qualitative and quantitative differences in BMP family signaling contribute to the patterning of the dorsal neural tube (Liem et al., 1995; Liem et al., 1997; Lee et al., 1998; Lee and Jessell, 1999; Liu and Niswander, 2005) .
Our results suggest that a BMP signaling gradient is required to pattern the mammalian cochlear sensory epithelium. First, Bmp4 is expressed on the abneural side of the cochlear duct, accompanied by a gradient of phospho-Smad1/5/8 staining and a graded expression pattern of the BMP-responsive gene Id2 (Fig. 1F,G) . Bmp7 is also expressed at lower levels throughout the cochlear duct, although it is not localized to any particular cell type (Fig. S1 ). We did not observe expression of other BMPs such as Bmp2 and Bmp5 (Fig. S1 ) in the cochlear epithelium at this stage. Second, greatly reduced BMP signaling in Alk3-CKO; Alk6 +/− mutant cochlea results in an expansion of the domain expressing Kölliker's organ markers (JAG1, Fgf10 and Lfng) at the expense of the prosensory and the outer sulcus domains (Fig. 2 and 3) . Interestingly, Bmp4 is itself down-regulated in Alk3-CKO; Alk6 +/− mutants, suggesting that it may be regulated by positive feedback through BMP receptor signaling. Finally, activation of BMP signaling in cultured cochlear explants suggests that BMP4 promotes outer sulcus fates at the expense of Kölliker's organ (Fig. 4A-D) , and intermediate levels of BMP signaling increase the number of sensory hair cells (Fig. 4E) . Several recent studies have reported differing effects of BMP4 on the differentiation of hair cells. For example, addition of BMP4 to cultured otocysts from 3-4 day old chick embryos can either induce (Li et al., 2005) or repress hair cell development (Pujades et al., 2006) . One explanation for the differences between these studies that may be relevant to our results is that the two studies used different concentrations BMP4, with low concentrations of BMP4 promoting hair cell formation (Li et al., 2005) , and higher concentrations of BMP4 being inhibitory (Pujades et al., 2006) . Although it is likely that the hair cells produced in these studies were vestibular rather than auditory, our results in the cochlea confirm that BMP4 can elicit different levels of hair cell differentiation in a concentration-dependent manner. It is also possible that low or high doses of BMP4 may promote non-sensory fates in the bird or mammalian vestibular system, as we have shown for the cochlea. High doses of BMP4 have been shown to increase outer hair cell numbers in the organ of Corti (Puligilla et al., 2007) , and mutation of Noggin, a secreted antagonist of BMP2 and 4 also leads to supernumerary hair cells (Hwang et al., 2010) . However, both of these studies focused on times after formation of the prosensory domain and cell cycle exit. It is therefore likely that the mechanism of BMP action in these studies is different from the events we report in Alk3-CKO; Alk6 +/− compound mutants, where overt disruption of cochlear development is already evident between E12.5 and E13.5. Nevertheless, these studies suggest that BMP signaling may have additional roles in maintaining hair cell numbers after the specification of the prosensory domain, Kölliker's organ and the outer sulcus by BMP4. We propose a model in which a restricted domain of Bmp4 expression imparts patterning information to sensory precursor cells in the cochlear primordium from E11.5 onwards. Initially, the cochlear duct consists of Jag1 + ; Sox2 + precursor cells (Fig. 1A,B ) that we hypothesize are multipotent and can give rise to Kölliker's organ, the prosensory domain or the outer sulcus. Our data suggest that asymmetric expression of Bmp4 in the abneural region of this multipotent precursor domain locally suppresses Kölliker's organ fate around E12.5 such that the precursor domain now contains a Jag1 − , Sox2 − , Bmp4 + future outer sulcus domain (Fig. 1H, middle panel) and a Jag1 + , Sox2 + Kölliker's organ/prosensory precursor domain. By E13.5, the cochlear epithelium is specified to form three different domains based on the graded levels of BMP signaling (Fig. 1H, right panel) . Based on this model, the greatly diminished levels of BMP signals in Alk3-CKO; Alk6 +/− compound mutants are unable to down-regulate Kölliker's organ genes or specify the prosensory domain, and the entire cochlear epithelium differentiates into Kölliker's organ on the basis of the combined expression of JAG1, Fgf10 and Lfng (Fig. 3E) . Although our results clearly suggest BMP signaling is absolutely necessary for specification of the prosensory domain and outer sulcus, it is unclear whether intermediate levels of BMP signaling are sufficient to induce the prosensory domain. We could not detect a statistically significant increase of prosensory marker gene expression when E11.5 cochlear explants were incubated with the intermediate concentration of BMP4 for two days (data not shown). It is possible that other factors such as FGF signaling are required in co-operation with BMP signaling to induce and maintain prosensory fate in culture (Pirvola et al., 2002) . Further analysis is required to understand the mechanisms of prosensory specification.
Roles of BMP signaling in vestibular sensory structures
BMPs are first expressed in the presumptive cristae and developing canal pouches of the inner ear (Morsli et al., 1998; Chang et al., 2002) . Single knockouts of Bmp2 and Bmp4 do not show severe early ear defects (Chang et al., 2008; Hwang et al., 2010) and no obvious inner ear defects have been reported in Bmp7 mutants (Dudley et al., 1995; Luo et al., 1995) . However, only vestigial epithelial remnants of the ear are seen at E12.5 in Alk3-CKO; Alk6 −/− mutants (Ohyama, unpublished observations) , suggesting that minimum levels of BMP signaling through both Alk3 and Alk6 receptors are required for survival and proliferation of otocyst epithelium. Alk3-CKO; Alk6 +/− mutants develop inner ears with partial vestibular defects (Fig. 5) , although much of the cochlear epithelium is lost by E15.5 (Fig. 3F,G) . All Alk3-CKO, Alk3-CKO; Alk6 +/− and Alk3-CKO; Alk6 −/− mutants die shortly after birth for reasons that are currently unknown. Conditional deletion of Bmp4 with either Foxg1-Cre or Pax2-Cre mice leads to more severe vestibular defects than those seen in our Alk3-CKO; Alk6 +/− mutants, accompanied by frequent loss of cristae and semicircular canals (Chang et al., 2008) . This suggests that Bmp4 signaling through both Alk3 and Alk6 receptors is necessary for correct formation of the cristae and semicircular canals.
In conclusion, our data suggest that an asymmetric BMP signaling gradient is key to inducing and patterning the sensory domains of the mammalian cochlea. Further understanding of the role of BMP signaling in cochlear development and a precise control of BMP signaling levels may enable more efficient generation of hair cells from pluripotent stem cells (Li et al., 2003) . We suggest the mammalian cochlea as an attractive system to understand the mechanisms of BMP signaling gradient in cell fate specification and asymmetric patterning of precursor cells during development.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Quantitative PCR analysis of 2-day cultures of E11.5 cochlear explants with genes downregulated (A) and up-regulated (C) by increasing concentrations of BMP4 protein (n=4, ± s.e.m.). B: Whole mount in situ hybridization of explants with Fgf10 and Id2 probes shows that Fgf10 is down-regulated by BMP4, while Id2 is up-regulated. D: Quantitative PCR analysis of 4-day cultures of E11.5 cochlear explants with outer sulcus marker genes (n=4, ± s.e.m.). E: 4-day culture of cochlear explants from Math1-GFP mice at the presence or in the absence of BMP4 protein in culture medium. The number of GFP + cells/explant is quantified and shown in the graph. (n>20, ± s.e.m.) 
